Introduction
Studies of the regulation of protein synthesis have mostly been focused on specific enzymes where the enzymatic activity has been used as an assay for the amount of protein. Other studies have been possible only in the few cases where some physical property of the protein in question is distinctive. In this way, the regulation of the very large subunits of the E. coli RNA polymerase (Matzura, Hansen and Zeuthen, 1973) and of the small basic ribosomal proteins has been studied, in the latter case by the electrophoresis technique developed by Kaltschmidt and Wittmann (1970) . For lack of a suitable method, attention could not be given to the overall pattern of protein regu-lation in the cell. Earlier attempts to survey the cell's protein profile (Raunio and Savimo, 1965; Moses and Wild, 1969) 
Results
The proteins chosen for study were selected as recognizable spots in the two-dimensional array of total cell protein on O'Farrell gels prepared from cells grown in the five different media. This selection implies, in most cases, that the protein is abundant (>0.05% of total protein) at least at one growth rate. An example of the spot pattern can be found in Figure 1 in the Appendix describing the system of protein nomenclature used. We have described the pattern of regulation of the majority of the cell's protein mass under different steady state growth conditions. This was done by determining the absolute amount of each of 140 proteins in one medium, followed by a determination of the relative amount of the protein at each growth rate. To avoid error caused by a different amino acid composition of the proteins, we measured the absolute amount of each protein in cells grown in minimal medium with uniformly labeled "C-glucose.
The protein spots on these gels were cut out in their entirety, and their radioactivity was measured and normalized to the radioactivity in EF-G. The fraction of total protein represented by each protein (cr') was calculated using the assumptions that one EF-G molecule is present per ribosome (Gordon, 1970) , that the fraction of total protein which is ribosomal proteins is 0.137 [determined in this strain in glucose medium by Dennis and Bremer (1974) ] and that the recovery of each protein is similar to that of EF-G. Recovery of EF-G was previously determined to be about 0.94 (Neidhardt et al., 1977) . The (Y' measured is equivalent in these steady state cultures to the OL defined by Schleiff (1967) if one assumes that no significant turnover or selective loss of these proteins is occuring. The (Y' for each protein in glucose medium is given in Table 1 .
The assumption that recovery of each spot is as high as that of EF-G might not be true for all proteins, and therefore these estimates should be taken as minimum values. That the recovery of proteins in general is satisfactory is supported by the observation that most of the proteins in the lysis mixture, exclusive of ribosomal proteins, actually enter the gel and appear as resolved spots (data not shown), and that the amount of protein in each spot relative. to that of other spots remains constant from one gel to another.
The measurement under different growth conditions of the relative amounts of proteins was carried out in two sets of experiments.
In one set, portions of a reference culture (glucose medium) labeled with 14C-leucine were mixed prior to sonic treatment with each of the four cultures grown at different growth rates in the other media containing 3H-leucine.
Gels were prepared from each cell mixture, and the 3H/14C ratio of the total proteins and of each spot was measured.
Labeling with the same amino acid has the advantage that each spot in the mixture of 3H-and "C-labeled cells prepared on the same glucose medium should theoretically have a 3H/14C ratio identical to that of total protein. For the majority of proteins, this criterion was met within experimental error. Exceptions were found in spots 821.6, E106, F24.5, G31.6, G42.5, G49.2 and G74.0, indicating either that the two glucose cultures were not truly equivalent, or that problems existed with the processing and/or counting of these proteins.
In the other set of experiments, the reference culture (glucose medium) was labeled with a mixture of 3H-leucine plus 3H-isoleucine and mixed prior to sonic treatment with cells growing at each of the various growth rates labeled with 35S0,. The 3H/35S ratio in total protein and in each spot was determined.
In this set of experiments, it was possible on the autoradiograms of the gels to detect spots which are prominent only in one of the nonreference growth conditions, but virtually absent in the glucose reference culture. The fastest growth rate at wMch labeling with 35S0, can be easily carried out is in the fully supplemented medium lacking methionine and cysteine, giving a maximal growth rate of 1.5 hr-' instead of 2.0 hr-I.
The purity of a protein spot was tested by measuring the ratio of (met + cys) to (leu + ile) for each Figure 1 as a function of the growth rate.
Discussion
The total (Y' for all proteins measured in this study ranged from 0.53 in acetate to 0.46 in rich-medium. Adding the (Y' of unrecovered ribosomal proteins, which have isoelectric points outside the pH range at generation times greater than 40 min, 2.3 x 10' and 3.5 x IV must be substituted for acetate and glycerol media, respectively. c Proteins for which a value is shown for glucose-rich medium lacking methionine (Rich-Met) and not for glucose-rich medium (Rich) are those which were measured only in the experiments using VI and %. Proteins for which a value is shown for Rich and not for Rich-Met were measured only in the experiments using 5H and I%. Where a value is shown for both of these media, the same protein was measured by each method, and in these cases, the values for acetateand glycerol-minimal media are averages of the results in the two sets of experiments. r Elongation factor Ts forms a double spot, C30.7 and C31.6. Separate a' values were measured in glucose medium, but the relative levels in different media were measured on the combined spots.
of the ampholytes used here, gives (Y' values ranging 0.57-0.68 ( Figure  1 ). The regulation of the major part of the cell's protein mass has therefore been characterized at these growth rates. A broad range of gene expression is represented among the 140 proteins.
The protein which was found to be the most abundant is EF-Tu, which in rich medium is synthesized at a rate of about 49 molecules per genome per second. As found previously (Furano, 1975; Pedersen et al., 1976a) , this is about 5 times as fast as the rate of synthesis of ribosomal proteins. EF-TU is the product of two genes, tufA and tufB (Jaskunas et al., 1975) . Estimates of the relative expression from the two genes (Pedersen et al., 1976a (Pedersen et al., , 1976b show that the tufA gene is the most active gene in E. coli, synthesizing about 34 molecules per genome per second in the rich medium.
Ribosomal proteins Sl and S6, and EF-G are found to be made at about 10 molecules per genome per second, and ribosomal protein (L7 + L12) is synthesized at 2-3 times that rate, making the rplL gene the second most active gene. A single gene is responsible for this synthesis, since one mutation gives an electrophoretic mobility change of both L7 and L12 species (Watson et al., 1975) .
No previous measurement of the total amount of Sl, which might behave as an initiation factor (Dahlberg and Dahlberg, 1975) and were saturated with all components of the cell's transcription apparatus within the span of growth rates studied here. One regulatory mechanism in common for some proteins within group la might therefore by the absence of active regulation.
Within group lb, a unique regulation is found for protein F24.5 under amino acid starvation (Reeh et al., 1976 Under special cases such as amino acid starvation (Blumenthal et al., 1976a; Reeh et al., 1976) , however, at least Sl, EF-G, and valyl and arginyl-tRNA synthetases are regulated differently from the ribosomal proteins, which under this condition are regulated as a homogeneous group (Dennis and Nomura, 1974) . Some of the proteins in group lc-2-for example, RNA polymerase subunit (Y, EF-TU and isoleucyl-tRNA synthetase-are regulated differently from each other during amino acid starvation (Blumenthal et al., 1976a; Reeh et al., 1976) .
In summary, we have found little evidence that the proteins within a group share a common regulatory mechanism; these may exist, but if so their effect is obscured by specific control mechanisms. Few of the 140 proteins studied here have been identified, but it will be useful to comment on the nature of the proteins in each group. It seems probable that many of the remaining proteins in this group are also concerned with translation and transcription, and perhaps replication.
The increase of group Ic occurs at the expense of proteins of one regulation group (la) from acetate to glucose-minimal medium and at the expense of-proteins of another regulation group (Ha) from glucose-minimal to rich medium.
Group Ila These enzymes are most probably concerned with the biosynthesis of amino acids, nucleotides and other building blocks of protoplasm. None has been identified, but the striking effect of rich medium on enzymes of this sort is a common observation (Camakaris and Pittard, 1971; Rose and Yanofsky, 1972; Cortese et al., 1974; Stephens, Artz and Ames, 1975) . Some of these proteins, particularly F88.0, are extremely abundant (28,000 molecules per genome in glucose). Protein F88.0 is synthesized at about the same rate per second in glucose and in rich medium minus methionine, and that rate might very well represent the maximal activity of its promotor, leading to a relative decrease going from glucose to rich medium lacking methionine.
Addition of methionine reduces that rate at least 50 fold, suggesting that F88.0 is a biosynthetic enzyme for methionine, although its extreme abundancy is a puzzle.
Group Ilb This group constitutes a minor fraction of the cell's protein.
Protein C48.7 seems specific for acetate utilization, and shows a barely significant minimum level in glycerol medium. The remaining proteins constitute about 1% of total cell protein. Further work will include exploration of the hypothesis of the nature of the proteins in these groups, and will address the question of the nature of the controls on these proteins, giving particular attention to controls that might operate on all or most proteins of an individual group (Maalse, 1969; Rose and Yanofsky, 1972; Rickenberg, 1974; Stephens et al., 1975) .
Expertmental Procedures
The E. coli B/r derivative NC3 (Neidhardt et al., 1977) was grown in five media which contained MOPS medium (Neidhardt, Sloth and Smith, 1974) supplemented with either acetate 0.4%. glycerol 0.4%. glucose 0.4%, rich-methionine medium and rich medium. Rich medium contained 20 amino acids. four purines and pyrimidines, and five vitamins as previously described (Neidhardt et al., 1977) . Cells were grown aerobically with rotary shaking at 37%. Growth was monitored at 420 nm, and growth rates are expressed as the specific growth rate constant k = In P/mass doubling time (hr). For the five media listed above, the value of k was 0.36,0.77, 1.03, 1.50 and 1.96 hr-', respectively. Cultures were labeled for two to three generations in media containing either l*C-gIucose, Vt-Ieucine, "C-Ieucine. +l-isoleucine + "H-leucine or 36S0,. Details of the labeling methods have been described (Neidhardt et al., 1977) . The preparation Of cell extracts, electrophoresis, staining and counting procedures have been described (Pedersen et al., 1976a : Neidhardt et al.. 1977 .
Identification of proteins and the nomenclature of spots on these gels are described in the Appendix. Farrell (1975) . To organize and communicate these data, it is useful to have a code identifying each protein as it appears in this separation system. We have been using such a code, and we describe it here.
In our code, a protein is designated by the two properties, isoelectric point and molecular weight, by which proteins are separated in the O'Farrell technique.
Another useful feature is that the nomenclature is based on the positions of internal markers.
Proteins that are synthesized under all growth conditions and are easily recognized in the spot pattern of the gels make excellent markers, and we therefore chose to use certain proteins involved in translation and transcription for this purpose.
The autoradiogram of the gel is positioned with the acidic proteins to the right and with the direction of development of the second dimension pointed downward.
A set of lines perpendicular to the border between the stacking and running gel is now drawn on the autoradiogram.
The lines divide the gel into zones named A, B . . . , I, the A zone being the most acidic. An example is shown in Figure 1 (right panel). The line defining the A/B border is drawn between ribosomal proteins L7 and L12, the B/C line through the center of RNA polymerase subunit (Y, the C/D line through the center of the EF-Ts spot, the DIE line through the center of the EF-G spot, the E/F line through the center of the EF-TU spot, the F/G line through the center of the isoleucyl-tRNA synthetase spot, and the G/H line through the center of an unidentified protein spot indicated in Figure 1 . Additional proteins can be resolved using an ampholine mixture of pH 3-10 (2%) as shown in Figure 1 (left panel) instead of the used mixture of pH 3-10 (0.4%) plus pH 5-7 (1.6%). Among these proteins is ribosomal protein S2. We suggest that the H/I line be drawn, as indicated, through S2, but we have not yet used this additional zone. Several proteins have been identified in this gel system (see below). The molecular weight of these proteins, as determined by other investigators, is plotted in Figure 2 as a function of their migration (Right) gel using 0.4% pH 3-10 + 1.6% pH 5-7 ampholine mixture in the first dimension.
The vertical lines define the zones with different isoelectric points. The solid circles indicate the protein spots used for defining the zones; the dotted circles indicate the protein spots identified so far. (Lucas-Lenard, 1971; Lengyel, 1974; Wittinghofer and Leberman, 1976; Laursen et al., 1977; Nakamura et al., 1977) ; (I subunit of RNA polymerase: MW 39,000 (Burgess, 1969 ), 36,512 (Ovchinnikov et al., 1977 ; elongation factor Ts: MW 34,000 (Lengyel, 1974) . 31,500 (Wittinghofer and Leberman, 1976) ; ribosomal protein S6: MW 15,600 (Wittman, 1974 ). 15,706 (Hitz et al., 1977 . For some proteins, like S6, there is excellent agreement with the molecular weight determined by SDS gel electrophoresis (Wittmann, 1974) and by the primary structure of the protein (Hitz et al., 1977) . For other proteins-for example. p-galactosidase (Fowler and Zabin, 1977) . the LI subunit of RNA polymerase (Ovchinnikov et al., 1977) and several ribosomal proteins (sequences reviewed by Wittmann-Liebold et al., 1977) -the apparent molecular weight in SDS gels is up to 30% higher than the one calculated from the primary sequence. The groups working on the primary structure of EF-TU estimate the molecular weight to be 44,000 (Laursen et al.. 1977) and 47,000 daltons (Nakamura et al., 1977) , so it seems that the apparent molecular weight determined by SDS gel electrophoresis underestimates the molecular weight of Ef-Tu by some 5-10%. Given such small, and for many purposes insignificant, variations between apparent molecular weight in SDS and true molecular weight, we believe that the line given in Figure 2 is sufficient for defining the molecular weight solely for this nomenclature purpose.
relative to that of the front. All distances are measured from the border between the stacking and running gel of the second dimension.
The best line through these marker proteins (Figure 2 ) is used to define the apparent molecular weight of each protein. The code designation of a given spot consists of a letter, indicating the zone of its isoelectric point, and three numbers, inr" *sting the apparent molecular weight of the pro. 1 x 10e3. Protein C57.3, therefore, is a protein with an isoelectric point between that of the (Y subunit of RNA polymerase and EF-Ts, and with an apparent molecular weight of 57,300 daltons. Figure 1 shows the location of identified proteins, including those used as markers; Table 1 gives their code designations together with the basis for each identification.
Different strains of E. coli (B/r, the B strain AS19, K12 and C) have very similar spot patterns. Most proteins, and especially the marker proteins, have virtually identical positions on gels from these strains.
We suggest that the nomenclature presented here be adopted to minimize the confusion of multiple, unrelated systems of nomenclature. Because our system is based on the position of internal marker proteins, misidentifications and ambiguities among laboratories can be reduced. This coding procedure is simple and informative, and because reproducibility of the gels is high, this nomenclature can be used to focus attention on small areas of the gels for interlaboratory communication.
This system, however, is not the definitive nomenclature that should eventually be developed. As more experience is gained with the O'Farrell gels, many additional proteins will be identified, and technical improvements and simplifications will be introduced.
The development of automated scanning and data processing of the protein spot patterns is proceeding in several laboratories. From this work will emerge a definition of the features desired in a final (international) system of nomenclature.
At some point in the future, a standard gel of the total protein of a particular cell can be prepared under defined and easily reproduced conditions, and at that time, every spot will be named according to an agreed upon coordinate system. 
